INTRODUCTION
Thrombospondin-1 (TSP1) is a secreted glycoprotein expressed by a variety of cell types in adult and embryonic tissues, including the vascular endothelium, aortic smooth-muscle cells, megakaryocytes, monocytes and fibroblasts [1] [2] [3] [4] . The expression of TSP1 is especially prominent at sites of tissue remodelling and injury. Consistent with this observation in i o, extracellular TSP1 levels in cultured cells are tightly regulated by growth factors at the level of synthesis [5, 6] and are also controlled via a novel cell-mediated degradation pathway [7, 8] .
Numerous biological activities have been ascribed to TSP1, including effects on platelet aggregation [9] , vascular-cell proliferation [10] , cell adhesion [11] , cell migration [12] , deposition of fibrin, and angiogenesis [13, 14] . TSP1 is capable of binding to several growth factors [15] [16] [17] [18] , to a large number of extracellularmatrix proteins, including type-V collagen [19] , fibrinogen [20] , plasminogen [21] , fibronectin [22] , and histidine-rich glycoprotein (HRGP) [23] , to sulphated glycolipids [24] , and to several cellsurface-associated proteins including CD36 [25] , integrins [26, 27] and the integrin-associated protein [28] . These interactions may explain the wide variety of biological functions attributed to TSP1. However, the molecular basis for many of these interactions remains unclear. In the current study, we describe a highaffinity interaction between TSP1 and polyhistidines and have localized this binding site to the N-terminal heparin-binding domain of TSP1.
EXPERIMENTAL Proteins and antibodies
TSP1 was purified from human platelets by adsorption to barium citrate followed by heparin-agarose chromatography, using the Abbreviations used : TSP1, thrombospondin-1 ; HRGP, histidine-rich glycoprotein ; TSG-6, tumour necrosis factor-stimulated gene-6 ; DHFR, dihydrofolate reductase ; HBD , N-terminal heparin-binding domain of TSP1 ; GST, glutathione S-transferase ; DTT, dithiothreitol.
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with a K i of 50 nM, suggesting that the heparin-binding domain of TSP1 may be involved in this interaction. This was confirmed by the ability of a recombinant heparin-binding domain of TSP1 to directly compete for TSP1 binding to polyhistidine-containing proteins. Affinity chromatography with a polyhistidine-containing peptide immobilized on agarose revealed that TSP1 in platelet releasates is the major polypeptide retained on the six-histidinepeptide column. We conclude that TSP1 contains a high-affinity binding site for polyhistidine and this is likely to be the molecular basis for the observed binding of TSP1 to histidine-rich glycoprotein. The possibility that other polyhistidine-containing proteins also interact with TSP1 warrants further study. Key words : extracellular matrix, heparin, histidine-rich glycoprotein.
methods described by Alexander and Detwiler [29] . Recombinant tumour necrosis factor-stimulated gene-6 (TSG-6), dihydrofolate reductase (DHFR) and coronin were expressed in bacteria using the vector pQE30 (Qiagen, Valencia, CA, U.S.A.). Expression of recombinant protein containing a six-histidine tag was induced in the presence of 200 nM isopropyl β--thiogalactoside and the cells were lysed with 8 M urea. The lysate was applied to a column of Ni# + -nitrilotriacetic acid resin and the proteins were eluted with 4 M urea containing 50 mM EDTA. The recombinant HBD " -#"% , the N-terminal heparin-binding domain of TSP1, was produced using the pGEX2T vector (Pharmacia, Piscataway, NJ, U.S.A.) and purified by affinity chromatography on a GSH-Sepharose column as described in [30] .
Rabbit polyclonal antiserum to HBD " -#"% was prepared by immunizing and boosting rabbits with gel slices containing the recombinant protein that had been electrophoresed on an SDS\ polyacrylamide gel (10 % gel) under non-reducing conditions. IgG from rabbit polyclonal anti-HBD " -#" was isolated by affinity chromatography on Protein G-Sepharose.
Peptides
The three peptides used in the solid-phase binding experiments and the affinity chromatography experiments were synthesized using Fmoc (fluoren-9-ylmethoxycarbonyl) technology and an automated peptide synthesizer (Perkin Elmer, Foster City, CA, U.S.A.). Peptide 1 (MRGSHHHHHHGS), peptide 2 (GGGHHHHHHG) and peptide 3 (GGGGGGHHHG) were created by the small-scale linkage of amino acids from cartridges to an HMP (p-hydroxybenzyl alcohol) resin. Peptide 1 was dissolved in trifluoroacetic acid\acetic acid (1 : 1, v\v) and peptides 2 and 3 were dissolved in water.
Solid-phase binding assays
Immulon 2 (Dynatech, Chantilly, VA, U.S.A.) microtitre strips with breakaway wells were coated with 3 µg\ml TSG-6, DHFR, coronin and BSA in Tris-buffered saline (pH 7.4) containing 1 mM CaCl # and 1 mM MgCl # (TBS-Ca# + ,Mg# + ) and incubated at 37 mC for 4 h. Non-specific sites were blocked with 3 % (w\v) BSA in TBS-Ca# + ,Mg# + . Radioiodinated TSP1 (0.1-0.3 nM ; specific radioactivity, 2i10& c.p.m.\µg) was added with increasing concentration of unlabelled TSP1 as competitor in TBSCa# + ,Mg# + with 0.05 % (v\v) Tween-20 and incubated at 4 mC overnight. The wells were washed with the same buffer and the radioactivity was determined using a gamma counter (LKBWallac, Turku, Finland). The competition data were analysed and dissociation constants were determined using the computer program Ligand [31] . Heterologous solid-phase binding experiments were performed in a similar manner to test the ability of various competitors to compete with polyhistidine-containing protein for binding to "#&I-TSP1. The competitors used were polyhistidine-containing peptides, HBD " -#"% -GST (glutathione S-transferase), heparin, DNA and chondroitin sulphate.
Affinity chromatography and immunoblotting
Peptide (MRGSHHHHHHGS) synthesized at the Holland Laboratory was immobilized on to an agarose matrix column using the AminoLink Plus Coupling Gel Kit (Pierce, Rockford, IL, U.S.A.). Platelet activate was applied to the column in the presence of TBS-Ca# + ,Mg# + , and rocked end-over-end for 2-4 h at 4 mC. The column was washed with TBS, and eluted with a buffer containing 10 mM Tris (pH 7.4)\0.5 M NaCl. In some cases the concentration of NaCl was increased up to 2 M and up to 100 mM EDTA was added. To analyse the proteins eluted from the peptide column, eluates were concentrated using StrataClean Resin (Stratagene, La Jolla, CA, U.S.A.). The resin-protein complexes were then resuspended in SDS sample buffer, heated to 95 mC for 5 min, and subjected to electrophoresis on 7.5 % acrylamide gels run under reducing conditions. The separated proteins were either stained with Coomassie Brilliant Blue or transferred electrophoretically on to nitrocellulose membranes (Amersham Life Sciences, Piscataway, NJ, U.S.A.) and incubated with a polyclonal antiserum directed against HBD " -#"% and goat anti-rabbit horseradish peroxidase (Bio-Rad, Hercules, CA, U.S.A.). The bands were visualized by incubating the membranes with ECL2 Western-blotting chemiluminescent reagent (Amersham) and exposed to Biomax MR film (Eastman Kodak, Rochester, NY, U.S.A.).
RESULTS AND DISCUSSION

TSP1 binds to polyhistidine-containing proteins with high affinity and specificity
We initiated these studies to determine whether specific binding between TSP1 and the actin-binding protein, coronin, can be demonstrated in solid-phase binding assays. The experiments were performed using "#&I-TSP1 and recombinant coronin containing six histidines proximal to the N-terminus. As shown in Figure 1 , "#&I-TSP1 bound specifically to coronin since wells coated with BSA did not bind and the binding was competed for by the addition of unlabelled TSP1. However, we were surprised to find that two unrelated proteins, utilized as controls, also bound specifically to TSP1. Competition curves of all three proteins in the presence of increasing concentrations of unlabelled TSP1 were very similar ( Figure 1 ) and the dissociation constants for DHFR, TSG-6 and coronin were determined to be 10, 3.1 and 1.5 nM, respectively.
Sequence comparison of coronin, TSG-6 and DHFR indicated that there was no sequence similarity except for the N-terminal sequence tag containing the six histidines. Therefore we synthesized three peptides ; peptide 1 containing the exact tag sequence MRGSHHHHHHGS, peptide 2 containing the sequence GGGHHHHHHG, and peptide 3 containing the sequence GGGGGGHHHG. These peptides were compared for their ability to compete for TSP1 binding to polyhistidinecontaining proteins. As illustrated in Figure 2 , both of the sixhistidine-containing peptides were able to compete effectively for TSP1 binding to recombinant TSG-6 with K i values of 82 µM for peptide 1 and 294 µM for peptide 2. By contrast, peptide 3, which contained only three histidines, was more than 20-fold less efficient than peptide 1 as a competitor, with a K i value of approx. 2000 µM. In addition, we found that up to 10 mM of free histidine and imidazole were unable to inhibit the binding between TSP1 and polyhistidine-containing proteins (results not shown). The inability of free histidine or imidazole to inhibit the binding of TSP1 to polyhistidine-containing proteins supports the requirement for multiple histidines. We conclude that the ability of TSP1 to bind to three dissimilar proteins containing the six histidines is due to a specific and high-affinity interaction between TSP1 and polyhistidines that is dependent on the number of consecutive histidines.
These results probably provide the molecular basis for the previously reported interaction between TSP1 and the plasma HRGP [22, 32] . Consistent with the hypothesis that HRGP binds to TSP1 via its polyhistidine sequence is that an apparent binding Thrombospondin-1 binds to polyhistidine 
Figure 3 TSP1 from platelet activate can be purified by polyhistidine affinity chromatography
Platelet-activate polypeptides affinity selected on MRGSHHHHHHGS (peptide 1) agarose were eluted with 10 mM Tris buffer (pH 7.4) containing 0.5 M NaCl and 100 mM EDTA in 3.5 ml fractions. From each eluted fraction (fractions 1-6), 1 ml was concentrated using strataclean resin and subjected to electrophoresis on a 7.5 % acrylamide gel under reducing conditions and stained with Coomassie Brilliant Blue (A) or immunoblotted with TSP1 polyclonal antibodies (B). Lane 1, platelet activate ; lane 2, flow-through from affinity column ; lanes 3-8, eluted fractions 1-6 concentrated with strataclean resin.
K d of 7 nM was determined in the previous study [22] and this is remarkably similar to the 5 nM average K d derived here. It is interesting to note that there are a number of other proteins with polyhistidine stretches in their sequences that may serve as potential TSP1-binding sites [33] [34] [35] . For example, an integrinlike surface protein on Candida albicans contains a stretch of six histidines on its extracellular domain [35] . This protein is believed to be responsible for cell binding and invasion by C. albicans. Given that TSP1 is found at the dermal and epidermal junction of skin [4] and its expression is induced by injury, it is possible that TSP1 can facilitate the binding and invasion process by interacting with the polyhistidine stretch on this integrin-like protein. The possibility that high-affinity binding of TSP1 contributes to the biological activity of polyhistidine-containing proteins warrants further study.
TSP1 released from activated platelets can bind specifically to a polyhistidine-containing peptide column
TSP1 is a major component of platelet α-granules and is released upon platelet activation to facilitate tissue repair and possibly platelet aggregation. Having demonstrated that purified TSP1 can bind to polyhistidine-containing proteins in solid-phase binding assays, we next determined whether, within the complex milieu of the platelet releasate, TSP1 could bind specifically to a polyhistidine-containing peptide. Activated platelet releasate was incubated with peptide 1 immobilized on an agarose matrix, washed with buffer to remove non-specific binding and eluted with 0.5 M NaCl-containing buffer. The elution fractions, analysed by SDS\PAGE, are shown in Figure 3 and demonstrated that the 180 kDa TSP1 in activated platelet lysate (lane 1) is no longer present in the flow-through (lane 2). The 0.5 M NaCl-eluted fractions contained primarily a 180 kDa polypeptide ( Figure 3A, lanes 3-8) , suggesting that TSP1 retained on the polyhistidine peptide column was released in the presence of high salt. Increasing the NaCl concentration up to 2 M did not alter the rather broad elution profile substantially (results not shown).
Immunoblotting experiments with polyclonal TSP1 antiserum confirmed that the 180 kDa band is indeed TSP1 (Figure 3B ). Immobilized peptide 2 containing six histidines bound TSP1 equally well and, consistent with the solid-phase binding data, the peptide containing only three histidines was greatly impaired in its ability to retain TSP1 (results not shown). Our data indicate that TSP1 released from activated platelets can bind specifically to polyhistidine-containing polypeptides and suggest that this interaction can occur in a physiologically relevant setting. Furthermore, we have demonstrated that polyhistidine-affinity chromatography is a novel and potentially useful method for the rapid purification of TSP1. Given that recombinant proteins containing six histidines are frequently used in biological studies, the presence of TSP1 in the assay system should be evaluated as a possible confounding factor.
Characterization of TSP1 binding to polyhistidine-containing proteins and localization of the binding site to the heparin-binding domain
As a first step towards understanding the molecular basis for the binding of TSP1 to polyhistidines, we examined the ability of calcium, EDTA and the reducing agent dithiothreitol (DTT) to modify binding activity. Solid-phase binding assays were performed in the presence of increasing concentrations of calcium, EDTA and DTT. As shown in Figure 4 , DTT and EDTA inhibited "#&I-TSP1 binding to polyhistidine-containing protein with IC &! values of 1 and 5 mM, respectively. By contrast, calcium had a slight positive effect on the binding of TSP1 to polyhistidine at physiologically relevant concentrations of 0.5-10 mM and inhibition of binding was not observed until 50 mM calcium was present in the incubation solution. Since both reducing agents and EDTA are known to alter the conformation of TSP1 [36] [37] [38] [39] [40] , our data indicate that retention of some elements of the native conformation of TSP1 is critical for its ability to bind to polyhistidine.
TSP1 is a known heparin-binding protein and the portion of the TSP1 molecule found to be largely responsible for heparin binding is localized to the N-terminal domain of the protein [41] [42] [43] . As shown in Figure 5 (A), we found that heparin was able to compete effectively for TSP1-polyhistidine binding in the solid-phase binding assay, with a K i of 50 nM. Other negatively charged molecules, including chondroitin sulphate and DNA, were unable to inhibit binding, even at concentrations of 10 µM ( Figure 5B ). The inability of charged moieties such as chondroitin sulphate, DNA and up to 10 mM lysine (results not shown) to inhibit the binding of TSP1 to polyhistidine-containing molecules strongly suggests that the interaction is not only based on charge. Indeed, under the conditions of binding (TBS, pH 7.4), less than 10 % of the histidines should be protonated. These results suggest that heparin blocks TSP1 binding to polyhistidine-containing proteins via its known interaction with HBD of TSP1. To directly test the hypothesis that the HBD of TSP1 is responsible for polyhistidine binding, we examined the ability of a recombinant HBD of TSP1, encompassing amino acids 1-214 of TSP1 (HBD " -#"% ), to compete for TSP1 binding to polyhistidinecontaining proteins. The results, shown in Figure 5 (C), indicated that recombinant GST-HBD " -#"% was indeed able to compete effectively with "#&I-TSP1 binding to the polyhistidine-containing protein and inhibited TSP1 binding with an approximate K i of 200 nM. Further delineation of the amino acid sequences on TSP1 involved in the high-affinity binding to polyhistidine will provide additional mechanistic insight into the nature of this binding.
